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1 ABSTRACT 

2 Coronaviruses (CoVs] and low-pathogenicity influenza A viruses (LP IAVs) depend on 

3 target cell proteases to cleave their viral glycoproteins and prime them for virus-cell 

4 membrane fusion. Several proteases cluster into tetraspanin-enriched microdomains 

5 (TEMs), suggesting that TEMs are preferred virus entry portals. Here we found that 

6 several CoV receptors and virus-priming proteases were indeed present in TEMs. Isolated 

7 TEMs, when mixed with CoV and LP IAV pseudo-particles, cleaved viral fusion proteins to 

8 fusion-primed fragments and potentiated viral transductions. That entering viruses utilize 

9 TEMs as a protease source was further confirmed using tetraspanin antibodies and 

10 tetraspanin shRNAs. Tetraspanin antibodies inhibited CoV and LP IAV infections, but their 

11 virus-blocking activities were overcome by expressing excess TEM-associated proteases. 

12 Similarly, cells with reduced levels of the tetraspanin CD9 resisted CoV pseudo-particle 

13 transductions, but were made susceptible by overproducing TEM-associated proteases. 

14 These findings indicated that antibodies and CD9 depletions interfere with viral proteolytic 

15 priming, in ways that are overcome by surplus proteases. TEMs appear to be exploited by 

16 some CoVs and LP IAVs for appropriate co-engagement with cell receptors and proteases. 

17 IMPORTANCE 

18 Enveloped viruses use their surface glycoproteins to catalyze membrane fusion, an 

19 essential cell entry step. Host cell components prime these viral surface glycoproteins to 

20 catalyze membrane fusion at specific times and places during virus-cell entry. Amongst 

21 these priming components are proteases, which cleave viral surface glycoproteins, 

22 unleashing them to refold in ways that catalyze virus-cell membrane fusions. For some 
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23 enveloped viruses, these proteases are known to reside on target cell surfaces. This 

24 research focuses on corona- and influenza A- virus-cell entry, and identifies TEMs as sites 

25 of viral proteolysis, thereby defining subcellular locations of virus priming with greater 

26 precision. Implications of these findings extend to the use of virus entry antagonists, such 

27 as protease inhibitors, which might be most effective when localized to these 

28 microdomains. 

29 INTRODUCTION 

30 Enveloped viruses require fusion with host cell membranes to deliver viral genetic 

31 material and initiate infection. This process is catalyzed by fusion glycoproteins, which 

32 project from virion membranes and operate by bringing virion and host cell membranes 

33 into proximity, ultimately stimulating their coalescence. Amongst the host cell factors 

34 required for this membrane fusion are receptors and proteases. Receptors tether viruses 

35 to host cell membranes and proteases cleave fusion protein precursors to form the 

36 domains that catalyze membrane melding. This proteolytic step is termed "priming”, and 

37 depending on the virus type, may take place in virus-producing cells (1), in extracellular 

38 environments (2), or in virus-target cells (3). Notably, several protease inhibitors prevent 

39 viral fusion protein cleavages, and as such, are antiviral agents (4], 

40 For many respiratory viruses, including several coronaviruses (CoVs) and low 

41 pathogenic (LP) influenza A viruses (IAVs), the relevant priming proteases operate in virus- 

42 target cells. These proteases cleave the virion glycoproteins mediating receptor binding 

43 and membrane fusion, namely the spike (S) proteins for CoVs and the hemagglutinin (HA) 

44 proteins for IAVs. These proteases include type II transmembrane serine proteases 
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45 (TTSPs], a relatively large family of plasma membrane - localized glycoproteins that 

46 proteolyze numerous extracellular substrates (5). Specifically, the TTSP member 

47 Transmembrane Protease Serine 2 (TMPRSS2] primes CoVs, including Severe Acute 

48 Respiratory Syndrome (SARS)-CoV (6, 7) and Middle East Respiratory Syndrome (MERS)- 

49 CoV (8, 9). Without TMPRSS2, target cells are significantly less sensitive to these CoVs (8, 

50 10], but they are not entirely CoV-resistant, as other host proteases, i.e., cathepsins, can 

51 provide for some priming (11,12], TMPRSS2 and the TTSP human airway trypsin-like 

52 [HAT] protease are also sufficient to prime LP IAV, both in vitro [13] and in vivo [14], As 

53 there is no evidence for cathepsin priming of IAVs, cell-surface proteases may be strictly 

54 required to prime LP IAV [15], 

55 The requirement for TTSP-mediated proteolytic processing of CoV and LP IAV 

56 glycoproteins is established, but the subcellular location of these cleavage events is not well 

57 understood. If these proteases operate during virus entry, then it is likely that target-cell 

58 virus receptors would co-reside with priming proteases to make virus priming feasible [7], 

59 One possible location for this co-residence is within tetraspanin-enriched microdomains 

60 (TEMs). TEMs are comprised of homo- and hetero-typic assemblies of tetraspanins, so 

61 named for their four-transmembrane spanning architectures. In TEMs, the tetraspanins 

62 form a locally-ordered, largely plasma membrane-embedded platform in which projecting 

63 integral-membrane adhesion receptors and enzymes are interspersed. As dynamically 

64 organized membrane protein complexes, TEMs function to modulate cell adhesion, 

65 migration and differentiation (16,17] as well as pathogen invasion (18], 
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66 There is some modest support for the hypothesis that CoV and LP IAV receptors and 

67 proteases are concentrated in TEMs, and that priming of these viruses is therefore highly 

68 localized. First, TEMs contain CoV receptors dipeptidyl-peptidase 4 (DPP4) (19) and 

69 aminopeptidase N (APN) (20), and also contain sialic acids (21), the receptors for IAVs. 

70 Second, TEMs contain a variety of integral membrane proteases (22). Third, IAV cell entry 

71 is both preferentially observed at CD81 tetraspanin-enriched endosomal locations (23) and 

72 reduced by CD81 depletion (24). 

73 Since some CoV receptors interact with tetraspanins, and since LP IAV infection was 

74 reduced by tetraspanin CD81 knockdown, we used both CoVs and IAVs to address the 

75 importance of TEMs in cell entry. We evaluated the effects of tetraspanin antibodies and 

76 individual CD9 tetraspanin depletion on virus-cell entry. We isolated TEMs and analyzed 

77 them for the presence of virus receptors and virus-priming proteases. We used the isolated 

78 TEMs to extracellularly prime CoVs and IAVs. Our findings supported the hypothesis that 

79 these enveloped viruses enter cells through TEMs because these microdomains harbor 

80 both virus receptors and virus-priming proteases. 

81 MATERIALS AND METHODS 

82 Cells. Human embryonic kidney HEK cells 293T and 293(35 (25) and MDCK cells were 

83 maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Scientific) 

84 supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals), IX non-essential 

85 amino acids, 10 mM HEPES, 1 mM sodium pyruvate, and 100 U/ml penicillin-streptomycin 

86 solution (Thermo Scientific). DBT cells were maintained in minimal essential media (MEM) 

87 supplemented with 10% tryptose phosphate broth, 5% FBS, 100 U/ml penicillin- 
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88 streptomycin, and 2 mM L-glutamine. Cells were maintained in a humidified environment 

89 at 37°C and 5% CO 2 . 

90 Plasmids. Codon-optimized MERS S containing sequences for a C-terminal C9 epitope tag 

91 was purchased from Genscript and subsequently cloned into pcDNA3.1+ between the EcoRI 

92 and Notl restriction sites. pcDNA3.1-229E-S-C9 and pcDNA3.1-hAPN plasmids were 

93 provided by Dr. Fang Li, University of Minnesota. pcDNA3.1-SARS-S-C9 and pcDNA3.1- 

94 ACE2-C9 plasmids were provided by Dr. Michael Farzan, Scripps Research Institute. 

95 pcDNA3.1-HA5-QH-trypsin site was provided by Dr. Lijun Rong, University of Illinois- 

96 Chicago, and is previously described (26). The pHEF-VSV-G plasmid was obtained from BEI 

97 Resources. pcDNA3.1-murine carcinoembryonic antigen-related cell adhesion molecule 

98 (mCEACAM) was described previously (27). C-terminal FLAG-tagged human DPP4 plasmid 

99 pCMV6-Entry-hDPP4 (NCBI Reference Sequence NM 0019351 was purchased from 

100 OriGene. pCAGGS-TMPRSS2-FLAG and pCAGGS-TMPRSS2-S441A-FLAG were previously 

101 constructed (7). TMPRSS11D (HAT) was obtained from Open Biosystems and cloned into 

102 pCAGGS between SacI and Xhol restriction sites. pCMVSport6-human CD9 was purchased 

103 from Open Biosystems. CD9 and scramble control shRNA constructs flanked by the U6 

104 promoter and a RNA Polymerase III stop sequence were engineered into the pUC57 vector 

105 by Genescript. The pNL4.3-HIVluc plasmid was provided by the NIH AIDS Research and 

106 Reference library. pAEGFP-S15-mCherry (28) was provided by Dr. Edward Campbell, 

107 Loyola University Chicago. pEGFP was provided by Dr. Chris Wiethoff, Loyola University 

108 Chicago. 


D 

o 



cfWology JVI Journal of Virology Accepted MdnUSCfTpf Posted OfTlme 


7 

109 Antibodies. Monoclonal mouse antibodies against CD9 (clone M-L13), CD63 (clone H5C6), 

110 and CD81 (clone JS-81) were obtained from BD Pharmingen. Rabbit anti-FLAG and anti-|3- 

111 actin-HRP antibodies were obtained from Sigma Aldrich. Mouse anti-rhodopsin (C9) 

112 antibodies were obtained from Millipore. Rabbit anti-CD13 (APN) antibodies were 

113 obtained from Abeam. Mouse anti-calnexin antibodies were obtained from Cell Signaling. 

114 A mouse monoclonal antibody to IAV HI HA (clone PY102) was provided by Dr. Balaji 

115 Manicassamy, University of Chicago. Secondary antibodies were purchased from 

116 Invitrogen and include goat-anti-rabbit-AlexaFluor 488, goat-anti-mouse-AlexaFluor 488, 

117 and goat-anti-mouse-AlexaFluor 568. Donkey-anti-goat, goat-anti-mouse, and goat anti- 

118 rabbit HRP conjugated antibodies were purchased from Thermo Scientific. 

119 Viruses. Influenza A/Puerto Rico/8/1934 H1N1 (PR8) containing a Gaussia luciferase 

120 (Glue) reporter gene (29) was provided by Dr. Peter Palese, Mount Sinai School of 

121 Medicine. PR8-Gluc stocks were produced using a standard protocol (30). Briefly, MDCK 

122 cells were inoculated with PR8-Gluc, and incubated in DMEM supplemented with 0.2% 

123 BSA. 30 hours post infection (hpi), progeny were collected, treated with TPCK-trypsin 

124 (Sigma), and used to infect fresh MDCK cells at MOI =1. Supernatants were then collected, 

125 clarified by centrifugation, aliquoted and stored at -80°C. Two strains of recombinant 

126 mouse hepatitis viruses (MHV), MHV-A59 and MHV-JHM, each containing a firefly 

127 luciferase (Flue) reporter gene, were produced and titered on DBT cells as described 

128 previously (31). 

129 Pseudoviruses. VSV - based pseudovirus particles (pp) were produced by the methods of 

130 Whitt, 2010 (32). Briefly, 293T cells were transfected with plasmids encoding indicated 
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131 viral glycoproteins. Two days later, cells were inoculated for 2 h with VSVAG-luciferase 

132 (32), rinsed extensively and incubated for one day. Supernatants were collected, 

133 centrifuged at 800 x g for 10 min to remove cellular debris, and stored in aliquots at -80°C. 

134 HIV - based pp were produced as previously described (28). Briefly, 293T cells were co- 

135 transfected with pNL4.3-HIV-luc and pcDNAs encoding appropriate glycoproteins, and 

136 where indicated, pAEGFP-S15-mCherry was also co-transfected. After two days, 

137 supernatants were collected, centrifuged at 1,000 x g at 4°C for 10 min to remove cell 

138 debris, and stored in aliquots at -80°C. 

139 CD9 knockdowns. Two shRNA constructs were used, one designed to target CD9 and the 

140 other a scrambled control. 293(35 cells were co-transfected with 0.05 pg/10 6 cells of 

141 pCDNA3.1-hDPP4 along with 1 pg/10 6 cells of the indicated shRNA plasmid or a pUC57 

142 construct lacking the shRNA. Stable transfectants were selected in DMEM-10% FBS 

143 containing 1.2 mg/mL of G418 (Thermo Scientific), for the neomycin resistance on the 

144 DPP4 plasmid. Cells underwent selection for at least 7 days before being used in assays. 

145 Infection in the presence of tetraspanin antibodies. DBT cells or 293(35 cells were 

146 transfected with appropriate plasmids encoding viral receptors or proteases, divided into 

147 96-well cluster plates, and incubated for 30 min at 37°C with indicated antibodies, at 0.12 

148 pg/pl (~10 7 antibodies / cell). Indicated viruses were then added for 2 h at 37°C, then cells 

149 were rinsed, incubated at 37°C for 6 h (MHV and PR8), 16 h (VSV), or 48 h (HIV). For PR8, 

150 cells were not lysed, and media were analyzed for secreted Glue. For the other viruses, 

151 cells were lysed in passive lysis buffer (Promega). Luciferase levels in media or lysates 


D 

o 


cfWology JVI Journal of Virology Accepted MdnUSCfTpf Posted OfTlme 


9 

152 were measured after addition of either Flue substrate (Promega) or Glue substrate (New 

153 England Biolabs) using a Veritas microplate luminometer (Turner BioSystems). 

154 Flow Cytometry. To measure antibody binding, 293 (35 cells were lifted with Accutase 

155 (Millipore), pelleted and resuspended to 10 6 cells/ml in phosphate buffered saline (PBS) 

156 supplemented with 2% FBS containing indicated antibodies at 0.12 pg/pl. After 30 min at 

157 37°C, cells were rinsed thrice by pelleting and resuspension in PBS-2% FBS, then incubated 

158 for 30 min at 4°C with AlexaFluour 488 - conjugated donkey-anti-mouse IgG. After 

159 sequential rinsing, cell fluorescence was detected using a BD C6 Accuri flow cytometer. To 

160 measure HIV pp binding, 293(35 cells, transfected with empty pCMV6 or with pCMV6- 

161 Entry-hDPP4, were suspended in PBS-2% FBS. Cells were divided and aliquots were 

162 incubated for 30 min at 37°C with tetraspanin antibodies at 0.12 pg/pl. Cells were chilled, 

163 then incubated for lh on ice with HIV-mCherry-MERS S. Cells were rinsed thrice by 

164 pelleting and resuspension, and mCherry fluorescence detected using a BD C6 flow 

165 cytometer or a BD LSRFortessa flow cytometer, as indicated. All flow cytometric data were 

166 analyzed using Flowjo software. 

167 Fluorescence activated cell sorting. DBT cells were transfected with 0.5 pg of pEGFP, and 

168 a total of 4 pg of a pCAGGS empty vector or TMPRSS2 plasmid per 10 6 cells. 24 h after 

169 transfection, cells were lifted with trypsin, washed 3 times with cold PBS supplemented 

170 with 2% FBS, and sorted using a BD FACSAria cell sorter. Live, GFP + cells were plated and 

171 incubated at 37°C overnight before antibody blockade experiments were performed as 

172 described above. 
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173 Immunofluorescence microscopy. 293(35 cells were transfected with indicated plasmid 

174 DNAs, incubated for two days, and then cooled to room temperature (RT). Antibodies and 

175 HIV-mCherry pps were added, cells incubated for 30 min at RT, 10 min at 37°C, then 

176 returned to RT. AlexaFlour - conjugated secondary antibodies were applied for 10 min at 

177 RT, along with Hoechst 33258 (Molecular Probes). Cells were rinsed with PBS, fixed with 

178 3.7% paraformaldehyde in 100 mM PIPES buffer [pH 6.8], mounted using PermaMount, 

179 and imaged with a DeltaVision microscope (Applied Precision) equipped with a digital 

180 camera (CoolSNAP HQ; Photometries), using a 1.4-numerical aperture 60X objective lens. 

181 Images were deconvolved with SoftWoRx deconvolution software (Applied Precision). Co- 

182 localization was measured and quantified using Imaris version 6.3.1 (Bitplane Scientific 

183 Solutions). 

184 Isolation of Tetraspanin-EnrichedMicrodomains (TEMs). Adherent 293(35 cells (~10 5 / 

185 cm 2 ) were rinsed with ice-cold PBS, incubated for 30 min at 4°C with 1 mg / ml EZ-Link 

186 Sulfo-NHS-LC-Biotin (Pierce) in PBS, rinsed, then incubated for 20 min at 4°C with 100 mM 

187 glycine in PBS. Cells were rinsed with PBS, then incubated for 20 min at 4°C in MES buffer 

188 (25 mM MES [pH 6.0], 125 mM NaCl, 1 mM CaCl 2 ,1 mM MgCl 2 ) containing 1% 3-[(3- 

189 Cholamidopropyl)dimethylammonio]-l-propanesulfonate (CHAPS) detergent (Calbiochem 

190 Cat # 220201) or 1% TritonX-100 detergent (Sigma). Cell lysates (10 7 / ml) were removed 

191 from plates and emulsified by 20 cycles of extrusion through 27G needles. Nuclei were 

192 removed by centrifugation, lysates mixed with equal volumes of 80% w/v sucrose in MES 

193 buffer, placed into Beckman SW60 tubes, and overlaid with 3 ml of 30% w/v sucrose, then 

194 with 0.5 ml of 5% w/v sucrose, both in MES buffer. Samples were centrifuged with a 

195 Beckman SW60 rotor at 370 Kx g for 18 h at 4°C. Fractions were collected from air- 
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196 gradient interfaces. Biotinylated proteins in gradient fractions were bound to streptavidin 

197 agarose beads (Pierce). Non-reducing dot- and western-blotting procedures were used to 

198 identify the distributions of proteins in gradient fractions, as described previously (33). 

199 Virus priming assays. PR8 or MERS pp were incubated at 37°C for 30 min with equal 

200 volumes of low-density (LD) or high-density (HD) sucrose gradient fractions, or with 2.5 U 

201 trypsin / reaction (in 50 pi total) (Sigma). Treated PR8 and MERS pp were divided, and 

202 proteins in one set of aliquots were precipitated with trichloroacetic acid and analyzed by 

203 western blotting. The other set were used to transduce 293(35 cells. Cells transduced with 

204 MERS pp were pre-treated for lh with or without 10 pM leupeptin (Sigma), inoculated for 

205 2 h, rinsed and incubated without leupeptin for 18 h. Cells were then lysed and luciferase 

206 levels were measured. Cells infected with PR8 viruses were infected at an MOI=l, rinsed 

207 after 2 h, and incubated for an additional 6 h. Media were collected and Glue levels were 

208 measured. 

209 RESULTS 

210 Tetraspanin antibodies inhibit coronavirus and influenza A virus infections. 

211 Tetraspanins facilitate the entry of many viruses, including hepatitis C (34), human 

212 papilloma (35), and IAV (23). To determine whether entering CoVs also utilize 

213 tetraspanins, we evaluated the effects of tetraspanin antibodies on infection by mouse 

214 hepatitis virus (MHV) strains A59 and JHM. To this end, murine DBT cells were incubated 

215 for 30 min with mouse monoclonal antibodies against the tetraspanins CD9, CD63, CD81, or 

216 with an equimolar mixture of the three (aTspan). A monoclonal antibody against 

217 transferrin receptor (TfR) was used as an isotype - matched control for general cell coating 
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218 by antibodies. Cells were inoculated with luciferase-expressing recombinant MHV-A59 or - 

219 JHM for 2 h, then unadsorbed viruses and antibodies were rinsed away. As measured by 

220 luciferase levels at 8 hpi, the two viruses were significantly inhibited by all three 

221 tetraspanin antibodies, with the antibody combination (aTspan) inhibiting A59 and JHM 

222 strains by ~50% and ~90%, respectively (Fig. 1A). The TfR antibodies did not block the 

223 viruses. None of the antibodies interfered with transduction by VSV pps bearing VSV G 

224 proteins (VSV pp), indicating that tetraspanin antibodies do not generally suppress virus 

225 entry or reporter gene expression. 

226 While previous studies have found that CD81 knockdown inhibits IAV entry (23), it 

227 is not known whether antibodies to CD81 or other tetraspanins also inhibit IAV infection. 

228 Thus we determined whether the tetraspanin antibodies inhibit influenza A/Puerto 

229 Rico/8/1934 (H1N1), also known as PR8 IAV. For ease of analysis, we used PR8 containing 

230 a Gaussia luciferase (Glue) reporter gene (29). Many host cells are resistant to PR8 

231 infection, because they do not express proteases that prime viral HA proteins (13). 

232 Therefore, we transfected 293(35 cells with plasmids encoding HAT or TMPRSS2, then 

233 infected with PR8 one day later. HAT will make target cells susceptible to LP-IAV, while 

234 TMPRSS2 will not (15). By measuring Glue accumulations in culture media, we determined 

235 that transfecting cells with 0.001 pg/well of HAT was sufficient to render cells susceptible 

236 to PR8 infection and that increasing HAT transfection generally led to increased infection 

237 (Fig. IB). Knowing this, we determined whether tetraspanin antibodies might block PR8 

238 infection of the HAT-expressing cells. Indeed PR8 infection was significantly inhibited by 

239 all three tetraspanin antibodies, with the antibody combination (aTspan) effecting ~ 50% 

240 blockade. The tetraspanin antibodies did not inhibit VSV pp transductions (Fig. 1C). 
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241 Tetraspanin antibodies inhibit coronaviruses at the cell entry stage. To limit our 

242 analyses of tetraspanin antibodies to single-cycle infections, we produced several VSV- 

243 based pps, each encoding Flue reporter genes and each containing the S proteins of a 

244 relevant human CoV. The virus preparations were designated according to their S proteins 

245 (MERS pp, SARS pp, 229E pp]. Their transduction into cells was taken to reflect features of 

246 the authentic MERS, SARS and 229E CoV entry processes (7, 33). Transduction-susceptible 

247 target cells were established by transfecting 293 (35 cells with genes encoding virus 

248 receptors: hAPN for HCoV-229E (36), hDPP4 for MERS-CoV (37), and hACE2 for SARS-CoV 

249 (38). These target cells were then inoculated with the pp preparations, in the absence or 

250 presence of tetraspanin antibodies, as was done with authentic viruses. After lh 

251 inoculation periods, unadsorbed pps and antibodies were removed, and transduction levels 

252 measured the next day by quantifying Flue gene expressions. 

253 The tetraspanin antibodies impaired transductions by all three CoV pps, with MERS 

254 pp and SARS pp most notably inhibited (Fig. 2A). TfR antibodies did not affect 

255 transductions. Using MERS pps, we further determined that tetraspanin antibodies were 

256 inhibitory only at the pp entry stage, with no effects on transduction when added 30 min 

257 following virus inoculation (Fig. 2B). Furthermore, inhibition by the tetraspanin antibodies 

258 was not related to the viral particle core, as ffIV-based MERS pps were blocked equally to 

259 VSV-based MERS pps (data not shown). All of these findings were consistent with 

260 inhibition of virus entry at TEMs. 

261 Tetraspanin antibodies do not block virus-cell binding. To determine whether 

262 the antibodies used for virus blockades bound similarly to target cells, we subjected 


o 

c 

D 

o 


cfWology JVI Journal of Virology Accepted MdnUSCfTpf Posted OfTlme 


14 

263 antibody-coated cells to flow cytometry. The inert TfR antibodies and inhibitory 

264 tetraspanin antibodies bound similarly (Fig 3A), indicating that virus blockades do not 

265 arise simply from high levels of antibodies on cells. Next, to determine whether antibodies 

266 on cells interfere with virus-cell binding, we used fluorescently-labeled, HIV-based MERS 

267 pps, which we manufactured according to prescribed methods (28], mCherry MERS pps 

268 were adsorbed at 4°C to 293(35 cells overexpressing hDPP4 receptors, either in the absence 

269 or presence of tetraspanin antibodies. Subsequent flow cytometric analyses revealed that 

270 the fluorescent HIV-based MERS pps bound abundantly to the ~35% of cells that were 

271 overexpressing hDPP4 (Fig. 3B, left). Tetraspanin antibodies did not reduce this 

272 percentage of cells bound by MERS pp, (Fig. 3B, right). Tetraspanin antibodies did slightly 

273 reduce the fluorescence intensities of the MERS pp-bound cells (Fig. 3B, compare left red 

274 and right gold lines). We conclude that the tetraspanin antibodies only modestly interfered 

275 with virus binding to cells. 

276 These data strongly suggested that tetraspanin antibodies interfere with virus entry 

277 after virus-receptor binding. To explain how the antibodies block viruses, we posited that 

278 viruses might associate with TEMs after binding to cells, and that the tetraspanin 

279 antibodies disrupt some TEM-associated process(es) facilitating virus entry. To determine 

280 whether the mCherry MERS pps do indeed appear at TEMs during their cell entry, we 

281 incubated chilled 293(35 cells with the fluorescent pps along with tetraspanin CD81 

282 antibodies, then shifted to 37°C for 10 min to permit "patching”, i.e., antibody-mediated 

283 tetraspanin cross-linking into larger TEM structures (39). Quantitative confocal 

284 microscopy revealed that CD81 colocalized with ~20% of MERS pps, but with only ~10% 

285 of VSV pps (Fig. 3C, right). Absence of "bald”, i.e. viral glycoprotein-free fluorescent pp 
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286 binding (Fig. 3C, left) confirmed viral glycoprotein-dependent interactions with cells. 

287 Similar, but less compelling co-patching of IAV pp and CD81 were also observed in these 

288 experiments (Fig. 3C). These data indicate that, shortly after binding to cells, some MERS 

289 and IAV pp will be present at TEM locations. 

290 Proteases eliminate the antiviral activities of tetraspanin antibodies. TEMs are 

291 known to contain a variety of cell-surface proteases (22), among which may be one or 

292 several CoV and IAV -priming proteases (7,8,13,14). This led us to hypothesize that 

293 tetraspanin antibodies interfere with TEM-associated proteolytic priming, possibly by 

294 preventing TEM proteases from accessing receptor-bound viruses. By this hypothesis, 

295 overexpression of proteases, or addition of proteases to media, should provide viral access 

296 to priming and thereby reduce or eliminate the antiviral activities of the tetraspanin 

297 antibodies. Thus we overexpressed priming proteases in target cells and performed 

298 antibody blockade experiments. Using the frequently-cited CoV priming protease 

299 TMPRSS2 (8,40), we found that MHV infections into DBT cells were augmented ~ 20-fold 

300 by TMPRSS2 overexpression, indicating that this protease is utilized by MHV and is limiting 

301 in the DBT cell context. We supplied DBT cells with graded doses of TMPRSS2 - encoding 

302 plasmids, along with small constant amounts of a GFP reporter plasmid. Following 

303 expression, GFP + cells were isolated by FACS, and then used in antibody blockade 

304 experiments, as described above. The results indicated that tetraspanin antibodies blocked 

305 MHV infection into normal DBT cells (Fig. 1A and 4A), but not into DBT cells expressing 

306 TMPRSS2 (Fig. 4A). Of note, 10 6 cells transfected with 0.004 pg of TMPRSS2 plasmid 

307 contained TMPRSS2 protein levels that were far below our western blot and 
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308 immunofluorescent assay detection limits, making it clear that even small amounts of 

309 priming proteases nullify the antiviral effects of tetraspanin antibodies (Fig. 4A). 

310 In similar experiments, PR8 and its priming protease HAT were evaluated in entry 

311 assays. Here, 293(35 cells were transfected with graded doses of HAT-encoding plasmids, 

312 and then infected with PR8, either in the absence or presence of tetraspanin antibodies. 

313 The results indicated that HAT bypassed the antibody blockades in a dose-dependent 

314 manner (Fig. 4B], Furthermore, trypsin pre-treated viruses also bypassed the antibody 

315 blockades (Fig. 4B, rightmost columns). Therefore, the hypothesis that proteases mitigate 

316 the antiviral activities of tetraspanin antibodies applies to TMPRSS2, HAT and trypsin 

317 proteases, and to MHV and PR8 viruses. 

318 CD9 knockdown inhibits MERS pp transductions. Antibodies binding to CD9, 

319 CD81 and CD63 inhibited CoV (MHV) and IAV (PR8) entry (Fig. 1). Amongst these three, 

320 CD9 stood out as a candidate for further evaluation, in part because of reports that sperm- 

321 egg fusion requires CD9 (41) and HIV -induced fusion requires endogenous CD9 levels 

322 (42). Therefore, we evaluated how varying CD9 levels might affect susceptibility to the 

323 VSV-based MERS pp transductions. We produced 293(35 cells stably expressing hDPP4 and 

324 a shRNA against CD9. WB confirmed that these cells expressed hDPP4, but expressed only 

325 9% of the CD9 in control cells (Fig. 5A). Notably, the reduced CD9 did not affect any change 

326 in the levels of DPP4, unlike that observed by Okamato et al. (43). In comparison with the 

327 vector control and scrambled shRNA control cells, the CD9 knockdown (KD) cells were 

328 77% less susceptible to MERS pp transduction. Overexpression of CD9 restored 

329 transduction susceptibility to the CD9 KD cells (Fig. 5A). The under-and over-expression of 
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330 CD9 had no effects on VSV G- mediated transductions (data not shown), indicating a MERS 

331 S - specific effect of the CD9 knockdown. All of these results demonstrated that CD9 

332 supports MERS at the level of S protein - mediated virus entry. 

333 Proteases render CD9-knockdown cells susceptible to MERS pp transductions. 

334 To determine whether CD9 knockdown inhibits MERS pp entry at the proteolytic priming 

335 stage of entry, we forced protease overexpression by introducing graded doses of 

336 TMPRSS2-encoding plasmids, then transduced cells with MERS pp and quantified 

337 transduction levels with Flue measurements. The results of these experiments indicated 

338 that excess TMPRSS2 restored transduction sensitivity to CD9-knockdown cells, up to the 

339 levels of the CD9-replete cells (Fig. 5B). Specifically, 0.3 pg TMPRSS2 plasmid /10 6 cells 

340 increased MERS pp transductions by 4 (+/-1) - fold in CD9-positive cells, and 11 (+/-3) - 

341 fold in CD9 KD cells (Fig. 5B). These CD9-specific differences were statistically significant 

342 (p < 0.0001). Thus the impediments to virus entry brought about by CD9 knockdown were 

343 overcome by excess proteases. 

344 TEMs contain CoV receptors and priming proteases. Our findings fit with the 

345 hypothesis that infecting viruses encounter cell receptors and priming proteases at TEM 

346 locations. Antibody binding to TEMs, or omission of particular tetraspanins, interferes with 

347 these encounters, reducing infection. We used a biochemical approach to determine 

348 whether cell receptors and priming proteases are indeed within TEMs. Surface- 

349 biotinylated 293(35 cells were lysed in buffers containing CHAPS, a zwitterionic detergent 

350 that emulsifies cell membranes without disrupting primary or secondary TEM interactions 

351 (44). After sucrose density gradient fractionation, CHAPS-soluble proteins remained near 
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352 the bottom of sucrose gradients, designated as the high-density (HD) regions, while CHAPS- 

353 insoluble protein-lipid complexes floated to the top, low-density (LD) regions. Dot-blotting 

354 revealed that ~ 20% of biotinylated (plasma membrane) proteins were in the LD region 

355 (Fig. 6A, upper left). Streptavidin pulldowns of the isolated HD and LD fractions revealed 

356 that all of the detectable cell-surface CD9, CD63, and CD81 were present in the LD material 

357 (Fig. 6A, lower left), indicating that the LD fraction includes the TEMs. Notably, cells lysed 

358 by Triton-X 100 (TX-100), a detergent known to solubilize TEMs, also generated an LD 

359 fraction that comprised ~20% of plasma membrane proteins (Fig. 6A, upper right), but was 

360 devoid of any cell-surface tetraspanins (Fig. 6A, lower right). Thus we designated the 

361 CHAPS LD subcellular fractions as "TEMs” and the TX-100 LD fractions as "lipid rafts”. 

362 To determine whether CoV receptors and priming proteases partition into TEMs, it 

363 was necessary that 293(35 cells were first transfected to overexpress ACE2, APN, CEACAM 

364 (the receptor for MHV (45)), or DPP4. The transfected cells were then lysed in CHAPS, and 

365 TEMs isolated by two sequential cycles of floatation on sucrose gradients. Western 

366 immunoblotting revealed that ~ 90% of ACE2, APN, and CEACAM and ~ 50% of the DPP4, 

367 were partitioned into TEM fractions (Fig. 6B). Cells overexpressing the virus-priming 

368 proteases TMPRSS2 and HAT were similarly fractionated, and roughly 50% of these 

369 proteases were found in the TEM fractions (Fig. 6B). Mature TMPRSS2 and HAT exist as 

370 linked cleavage products, and some of the TMPRSS2 and HAT that was not found in TEM 

371 (LD) fractions may come from shedding of the FLAG-tagged TMPR ectodomain fragments 

372 into soluble (HD) material. An uncleavable TMPRSS2 s44ia mutant more prominently 

373 partitioned into the TEM (LD) fractions. This uncleaved integral-membrane TMPRSS2 s44ia 

374 zymogen may more accurately represent the predominant TEM localization of TMPRs. 
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375 Some |3-actin (<10%) partitioned with TEMs, consistent with known TEM - cytoskeleton 

376 interactions (46], Calnexin, a transmembrane protein abundant in the endoplasmic 

377 reticulum (47), was excluded from the TEMs, indicating complete cell solubilization by 

378 CHAPS detergent. As the TEM fractions contained only ~ 20% of the total plasma 

379 membrane proteins, these results indicated that the CoV receptors and priming proteases 

380 were at least 5- to 50-fold more abundant in TEMs than elsewhere on cell surfaces. While 

381 this is significant microdomain localization, we speculate that these results may be 

382 underestimating the extent of receptors and proteases naturally within TEMs, as there are 

383 upper limits to accommodating overexpressed receptors and proteases in the TEMs. 

384 TEM localization of one CoV receptor (DPP4) and one priming protease (TMPRSS2) 

385 was validated by immunofluorescence microscopy. DPP4 and TMPRSS2 were both found 

386 near or within CD81-encriched cell-surface puncta (Fig. 7). Similar partitioning of CD81 

387 with a catalytically-inactive mutant TMPRSS2 s44ia was also observed (Fig. 7), indicating 

388 that enzymatic activity has no effect on subcellular localization. Thus there are 

389 recognizable proportions of CoV receptors and priming proteases residing within TEMs. 

390 TEMs prime coronaviruses and influenza A viruses for entry. To determine 

391 whether the isolated TEMs have virus-priming activities, we mixed them with MERS pps, 

392 inoculated the mixtures onto susceptible target cells and then measured transduction 

393 efficiencies. To ensure that the transduction measurements reflected proteolytic priming 

394 by the TEMs, and not by endogenous target cell proteases, we suppressed target 293(35-cell 

395 priming proteases with leupeptin, a broad-spectrum protease inhibitor. Leupeptin-treated 

396 293 (35 cells were profoundly resistant to MERS pp transduction (Fig. 8A; top), indicative of 
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397 requirements for the host proteases. However, MERS pp that were exposed to TEM 

398 fractions transduced the leupeptin-treated cells (Fig. 8A, top), indicating priming. Of note, 

399 the bypass of leupeptin was pronounced when MERS pp were exposed to trypsin, or to 

400 TEMs containing overexpressed TMPRSS2, but did not reach the levels observed in the 

401 absence of leupeptin. In addition, substantial bypass of leupeptin was not achieved by 

402 CHAPS HD fractions (data not shown), even though the HD fractions included all soluble 

403 proteins as well as ~ 80% of the plasma membrane proteins (Fig. 6A). These findings 

404 indicated that MERS entry-priming activities were greatly concentrated in the TEMs. 

405 MERS pp that had been exposed to TEMs were also evaluated to assess the extents 

406 of S protein cleavage. Western immunoblots indicated that the TEMs effected cleavage of S 

407 proteins, generating proteolytic patterns that were indistinguishable from those generated 

408 by trypsin (Fig. 8A; bottom). The apparent molecular weights of the N-linked glycoprotein 

409 products were consistent with cleavages at three multibasic sites, one at 626-629 (RQQR) 

410 to create the minor 130 kDa fragment, one at 884-887 (RSAR) to create the major 70 kDa 

411 fragment, and one at 1110-1113 (QSKR) to create the minor 40 kDa fragment. The major 

412 70 kDa fragment has molecular weight equivalent to the previously documented S2’ (1). 

413 Analogous experiments were completed with IAV PR8 viruses. In these assays, 

414 however, inactivation of host proteases by leupeptin was not required, as PR8 did not 

415 respond to endogenous levels of 293-cell proteases. The results of these experiments 

416 demonstrated that TEM fractions activated PR8 infectivities, nearly as much as TEMs with 

417 overexpressed HAT (Fig. 8B, top). The fact that the TEMs were isolated from IAV-resistant 

418 293(35 cells, yet were capable of priming IAV for infection, are potentially explained by the 

419 significant concentration of cell proteases achieved through TEM isolation. 
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420 As with the MERS S on viral pps, PR8-associated HA proteins were analyzed for 

421 cleavage status by western immunoblotting. Here, the TEMs effected cleavage of HAO into 

422 HA1, irrespective of whether HAT was overexpressed and equal to that achieved by trypsin 

423 (Fig. 8B; bottom). Thus the TEM fractions harvested from 293 cells have proteases that 

424 cleave and prime both MERS-CoV S and PR8 IAV HA proteins. 

425 DISCUSSION 

426 We evaluated TEMs for host-cell entry factors and determined that they contain 

427 both CoV receptors and transmembrane serine proteases (TMPRs), and were capable of 

428 cleaving and priming CoV and IAV fusion proteins. We did not determine whether IAV 

429 sialic acid receptors are concentrated in TEMs, but there is evidence of sialylated proteins 

430 associating with tetraspanins (21, 48,49). The findings suggested that, in natural 

431 infections, the CoVs and LP IAVs encounter TEMs during their cell entry, and in doing so 

432 become proteolytically primed. This suggestion was consistent with virus entry blockades 

433 by tetraspanin antibodies, and with reduced virus entry upon depletion of the tetraspanin 

434 CD9. From these results, we have come to the view that TEMs are platforms for several 

435 CoV and for LP IAV proteolytic priming events. 

436 Previous investigators have hypothesized that TEMs are more flexible or curved 

437 than other membrane regions and therefore provide a platform that is more favorable for 

438 membrane melding. For example, in mouse oocytes, TEMs facilitate cell membrane 

439 wrinkling, which hypothetically lowers the kinetic barrier to fusion with sperm-cell 

440 membranes (41). However, in the virus-cell membrane fusions that we have evaluated, it 

441 seems that TEMs do not facilitate the membrane fusions perse, but rather facilitate virus 
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442 proteolytic priming. This claim arises in part because tetraspanin antibodies blocked MHV 

443 and PR8 infections (Fig. 1) but not when transmembrane protease concentrations were 

444 elevated (Fig. 4], With respect to the mechanisms by which tetraspanin antibodies block 

445 virus entry, one possibility is that the bivalent antibodies hold tetraspanins together, 

446 rigidifying TEMs and impeding membrane protein movements. Reduced diffusion of virus- 

447 receptor complexes might therefore increase the time required for viruses to encounter 

448 proteases. Increasing protease concentrations might ease this supposed requirement for 

449 lateral mobility of receptor-bound viruses. Another possibility is that transmembrane 

450 protease activities depend on precise embedment into TEMs, with tetraspanin antibodies 

451 interfering with this hypothetical positioning. This notion has some support from our 

452 finding that CD9 depletions reduced MERS pp transductions at the level of MERS S protein 

453 proteolytic priming. 

454 Even with a restricted focus on TEMs as virus entry portals, it remains challenging 

455 to identify which cellular proteases are utilized for CoV S and IAV HA priming. For LP IAV, 

456 the relevant priming proteases are known to include TMPRSS2 (14] and HAT (15], The 

457 CoVs appear to be less restricted in their protease requirements, and members may utilize 

458 many or all of the ~19 TMPRs (5], as well as the ~25 membrane metalloproteinases (50], 

459 TMPRSS2, however, stands out as a key CoV-priming protease (3, 6-9, 51], Perhaps 

460 TMPRSS2 is more promiscuous with substrates than the other TTSPs, although any 

461 evidence for this is lacking. Alternatively, TMPRSS2 may act as a "master” protease that 

462 cleaves nearby zymogens, activating them in proteolytic cascades (52], Other TMPRSS2- 

463 activated proteases may then cleave CoV S proteins. In addition, some CoVs may bypass 

464 TEM-associated proteases, undergoing cleavage-priming after endocytosis. A key example 
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465 here is with MHV-2, which utilizes endosomal cathepsins to prime S proteins for entry (53). 

466 There is no evidence that cathepsins are localized to TEMs. Thus the requirements for 

467 TEM-associated cleavage events may depend on the CoV strain, and on the particular 

468 combinations of virus-priming proteases in target cells. Analyses of clinical CoV isolates for 

469 their entry into cells reflecting in vivo infection environments may be necessary to assess 

470 the importance TEM-associated S proteolysis in natural infection and disease, for example, 

471 by using transgenic mice lacking TMPRSS2-/- (54) and HAT-/- (55). 

472 The human CoVs use the transmembrane ectopeptidases ACE2 (38), APN (36), and 

473 DPP4 (37) as host cell receptors. These receptors do not share any obvious structural 

474 similarities, and while they do share ectopeptidase activities, these enzymatic functions are 

475 dispensable for virus entry (36-38). Localization in TEMs, therefore, may be a shared 

476 feature that is relevant to the selection of these ectopeptidases as CoV receptors. One 

477 possibility is that the CoVs evolved to use TEM-associated receptors so that, once bound to 

478 cells, the viruses are poised for cleavage by TEM-resident proteases. It is, however, also 

479 possible that the viruses, adapted to TEM-associated receptors for yet unknown reasons, 

480 evolved to utilize nearby proteases for cleavage and priming. This evolution of viruses for 

481 particular receptors and proteases, when viewed in a dynamic context, posits that receptor 

482 binding elicits structural changes in viral spikes that transiently expose proteolytic 

483 substrates. Without proteases nearby, uncleaved intermediate S conformers might 

484 continue through unproductive folding pathways that are incompatible with virus entry. 

485 Conceivably, the proteolytic TEM environment is the preferred location for receptor- 

486 induced conformational changes of S proteins, rapid proteolytic cleavage of the 
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487 intermediate S conformations, and possibly the subsequent refolding to postfusion forms, 

488 in spatial and temporal patterns that foster efficient virus entry. 

489 Distinctions between TEMs and lipid rafts are noteworthy. TEMs are operationally 

490 distinguished from classical lipid rafts by their insolubility in zwitterionic detergents such 

491 as CHAPS and Brij98 [56], and by their complete disruption by nonionic detergents such as 

492 TX100 ((44) and Fig. 6). However, both TEM and lipid rafts are enriched in cholesterol, 

493 sphingolipids, and GPI-linked surface proteins (16, 57-59), and cholesterol chelators such 

494 as cyclodextrins will disrupt both TEM and lipid raft architectures (60, 61). These common 

495 features of TEMs and lipid rafts can make it difficult to determine which microdomain 

496 serves as a virus entry site. For example, cholesterol depletion decreases CoV-cell entry, 

497 and it is re-supplementation restores entry (27, 62). Similar results were obtained in 

498 studies of IAV entry (63). The TEM-disrupting effects of cyclodextrins, in conjunction with 

499 our observations of TEM-associated virus receptors and virus-priming proteases, raise the 

500 possibility that cholesterol depletions block virus entry by separating receptors from 

501 priming proteases in TEMs. This suggestion can be addressed by determining whether pre- 

502 primed viruses are resistant to cholesterol starvation. Revisiting previous studies with 

503 greater attention paid to distinguishing TEMs and lipid rafts may yield additional insights 

504 into the subcellular locations of CoV and IAV cell entry. 

505 Determining the subcellular location of virus priming events has implications for 

506 development of antiviral drugs, including antiviral proteases. Currently, broad spectrum 

507 protease inhibitors can be used to prevent viral infection and spread both in vitro (64) and 

508 in vivo (65), but these treatments are not approved for human use and there is little data on 
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509 their efficacy or side effects. By targeting protease inhibitors to TEMs, one might increase 

510 inhibitor potencies, and also elicit antiviral activity without causing undesired reductions 

511 of total lung proteolytic activity. To achieve this targeting, inhibitors might be conjugated 

512 to TEM-binding motifs, such as those found on the hepatitis C virus E2 protein (66), or to 

513 components of TEMs such as cholesterol. With respect to cholesterol, it has already been 

514 demonstrated that inhibitors of virus entry are potentiated by linkage to cholesterol 

515 moieties (67). These cholesterol-conjugated inhibitors are helical peptides that target 

516 transient folding intermediates of viral glycoproteins, preventing their ability to catalyze 

517 membrane fusion and thus blocking virus entry. We suggest, at least for the CoVs, that 

518 these intermediates are formed subsequent to proteolytic priming in TEMs. Helical 

519 peptides targeting these CoV intermediates are well-described (68, 69), and targeting these 

520 peptides to the TEM locus of priming may increase their antiviral efficacies. 
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528 FIGURE LEGENDS 

529 Figure 1. Effect of tetraspanin antibodies on MHV and IAV infection. (A) DBT cells 

530 were treated with monoclonal antibodies to CD9, CD63, CD81, or an equimolar mixture of 
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531 the three tetraspanin antibodies (aTspan], After 30 min at 37°C, cells were infected with 

532 recombinant MHV-A59 or MHV-JHM viruses containing a firefly luciferase (Flue) reporter 

533 gene. Following a 2 h entry period, unadsorbed antibody and virus was removed. 8 hpi, 

534 infection levels were measured by quantifying Flue reporter gene products and were 

535 normalized to the untreated controls. A VSV-G pp reporter virus was also used. Mouse 

536 immunoglobulin G (M-IgG) and monoclonal antibody against transferrin receptor (TfR) 

537 were used as controls for antibody subtype and irrelevant cell binding, respectively. 

538 Results are representative of three independent experiments. *p<0.05 when compared to 

539 "No Ab”. (B) Cells transfected with an empty vector (EV), 0.1 pg TMPRSS2/10 6 cells, or 

540 increasing amounts of HAT plasmid were infected with a PR8 influenza virus containing a 

541 Gaussia luciferase (Glue) reporter gene. Unadsorbed virus was removed after a 2 h entry 

542 period. 8 hpi, media was removed from cells and analyzed for Glue expression. (C) 293(35 

543 cells transfected with 0.001 pg HAT/10 6 cells were treated with antibodies as described in 

544 (A). This experiment also included a non-specific Mouse IgG control antibody (M Ig). 

545 Media was collected and analyzed for secreted Glue 8 hpi. *p<0.05 when compared to "No 

546 Ab". 

547 Figure 2. Effect of tetraspanin antibodies on CoV pp cell entry. (A) 293(35 cells 

548 overexpressing appropriate receptors (APN for 229E, DPP4 for MERS, ACE2 for SARS) were 

549 treated with monoclonal antibodies to CD9, CD63, CD81, or an equimolar mixture of the 

550 three tetraspanin antibodies (aTspan). After 30 min at 37°C, the indicated VSV pps bearing 

551 the spike proteins from 229E (black), MERS (gray), or SARS (hatched) were inoculated for 

552 2h at 37°C, and unadsorbed virus and antibody were then removed from cells. 

553 Transduction levels were measured by quantifying Flue reporter gene products and were 
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554 normalized to the untreated controls. Mouse IgG (M Ig) and a monoclonal antibody against 

555 transferrin receptor (TfR) were used as controls for antibody subtype and irrelevant cell 

556 binding, respectively. Results are representative of three independent experiments. 

557 *p<0.05 when compared to the "No Ab” controls. (B) 293(35 cells were incubated without 

558 antibodies (-], with control anti-transferrin receptor antibodies (aTfR), or with a mixture of 

559 anti-tetraspanin antibodies (aTspan) for 30 min periods immediately before (-30) or after 

560 (+30) a 60 min VSV-MERS S pp inoculation period. Transduction levels were measured by 

561 quantifying luciferase accumulations and were normalized to the controls in which 

562 antibodies were not applied. *p<0.05 when compared to "No Ab”. 

563 Figure 3. Immunofluorescent analysis of pp binding to cells in the presence of 

564 tetraspanin antibodies. (A) Flow cytometric analysis of the binding efficiencies of the 

565 antibodies used in tetraspanin blockade experiments. 293(35 cells were incubated without 

566 antibodies (black) or with the indicated antibodies. Following a 30 minute incubation, cells 

567 were washed and incubated with an anti-mouse AlexaFluor-488 (AF488) secondary 

568 antibody. Flow cytometry was performed to detect levels of AF488 intensity of treated 

569 cells. (B) 293(35 cells overexpressing DPP4 (+DPP4) or an empty vector (-DPP4) were 

570 incubated with HIV-mCherry MERS pp for 1 h at 4°C. Following incubation, cells were 

571 washed of unbound virus and analyzed by flow cytometry to detect levels of mCherry. The 

572 percentage of mCherry-positive cells is indicated above the gate (left panel). +DPP4 cells 

573 were treated with aTspan antibodies. After 30 min at 37°C, HIV-mCherry-MERS pps were 

574 inoculated for 120 min at 4°C. Following washing of unadsorbed virus and antibody, flow 

575 cytometry was performed to detect bound HIV-based pps (right panel). (C) HIV-mCherry 

576 pps without protruding glycoproteins (Bald) or with VSV G, IAV HA, or MERS S, were mixed 
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577 with anti-CD81 antibodies and inoculated onto +DPP4 cells for 30 min at 4°C. After a 10- 

578 min, 37°C patching period, cells were fixed and analyzed by confocal microscopy to 

579 determine the location of the pps (red) and CD81 (green). Co-localization of CD81 and HIV- 

580 positive puncta were quantified using Imaris software. Data were plotted as percent of HIV 

581 - based pps that were localized to CD81. 

582 Figure 4. Effect of proteases on tetraspanin antibody-blocked infections. (A) DBT 

583 cells were transfected with increasing amounts of TMPRSS2 plasmid and a small amount of 

584 GFP reporter. Following isolation of transfected cells by FACS, cells were treated with 

585 either a mixture of tetraspanin antibodies (+aTspan) or media (-aTspan). After 30 min, 

586 cells were infected with MHV-JHM. 2 hpi, cells were washed to removed unadsorbed virus 

587 and antibody. 8 hpi cells were lysed and analyzed for Flue reporter expression. Data were 

588 graphed as Flue RLU per cell. (B) 293(35 cells were transfected with the indicated amounts 

589 of HAT before being exposed to the same Tspan antibody blockade described in (A). Cells 

590 were then infected with PR8-Gluc for 2 h, washed, and secreted Glue was measured 8 hpi. 

591 PR8 viruses pre-treated with trypsin (+Trypsin) were also infected onto cells transfected 

592 with 0.001 pg HAT/10 6 cells (rightmost columns). 

593 Figure 5. Effect of CD9 knockdown on MERS pp entry. (A) 293(35 cells stably 

594 expressing DPP4 and either an empty shRNA vector (EV), a scrambled shRNA, or an shRNA 

595 specific for CD9 were transfected with an empty vector (-CD9 cDNA) or a vector containing 

596 CD9 cDNA (+CD9 cDNA). These cells were transduced with MERS pp and transduction 

597 levels measured by Flue reporter gene expression. Cell lysates were analyzed by western 

598 blot for CD9 and (3-actin (below graph). (B) Cells stably expressing EV, a scrambled shRNA, 
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599 or a CD9 shRNA were transfected with increasing amounts of TMPRSS2 before 

600 transduction with MERS pp. Transduction levels were measured by Flue reporter gene 

601 expression. 

602 Figure 6. Isolation and analysis of TEM fractions. (A) 293(35 cells were surface- 

603 biotinylated before lysis with CHAPS or TX-100. Following differential centrifugation, 10 

604 fractions were collected from each tube and analyzed for total-cell surface, biotinylated 

605 proteins (top). Following collection of HD and LD fraction, streptavidin pulldowns were 

606 performed and each fraction was analyzed for cell surface CD9, CD63, and CD81 (bottom). 

607 (B) 293(35 cells overexpressing epitope-tagged CoV receptors ACE2, APN, CEACAM, and 

608 DPP4, or Flag-tagged TTSPs TMPRSS2, TMPRSS2-S441A or HAT. Transfected cells were 

609 subjected to CHAPS lysis and density gradient centrifugation, as described in (A). Western 

610 blot was used to determine separation of the indicated proteins into HD and LD fractions. 

611 (3-actin and calnexin were used as controls for complete cell lysis and proteins not present 

612 in CHAPS LDs. 

613 Figure 7. Localization of MERS-CoV entry factors DPP4 and TMPRSS2 in relation to 

614 tetraspanin CD81. 293(35 cells were transfected with plasmids encoding the indicated 

615 Flag-tagged proteins. 24 h later, live cells were co-incubated with anti-Flag and anti-CD81 

616 antibodies, with a 10-min incubation at 37C to induce patching. Fluorescent secondary 

617 antibodies were applied to mark the positions of Flag-tagged proteins and CD81, and 

618 Hoescht 33258 (blue) mark the positions of cell nuclei. Images show 0.5-micron thick 

619 confocal slices through the middle section of cells. 
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620 Figure 8. CoV priming activity of TEMs. (A) MERS pps were used to transduce 293(35 

621 cells treated with leupeptin or a media control. Prior to transduction, MERS pps were 

622 treated with trypsin, TEMs isolated from untransfected cells, or TEMs isolated from 

623 TMPRSS2 overexpressing cells. Transduction levels were measured by luciferase reporter 

624 gene expression (top). These MERS pps were also concentrated and analyzed by western 

625 blot with an antibody to detect a C-terminal C9 tag on the MERS spike (bottom) (B) 293(35 

626 cells were infected with PR8 that was treated with trypsin, TEMs isolated from 

627 untransfected cells, or TEMs from HAT overexpressing cells. Infection was measured by 

628 Glue expression (top). Viruses were concentrated and analyzed by western blot (bottom). 

629 *p<0.05 when compared to (-) incubation. 
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